Introduction
Renal cell carcinoma (RCC), a common kidney malignancy, accounts for ~3% of all malignancies in adults. 1 RCC is characterized by a lack of early symptoms, diverse clinical manifestations and insensitivity to radiation and chemotherapy. 2 Currently, surgical intervention is the main strategy for the treatment of localized RCC. However, over 30% of patients with localized RCC who underwent nephrectomy subsequently developed metastases, and the 5-year overall survival rate was less than 10%. 3 Although great therapeutic progress has been made in recent years, the long-term prognosis for RCC still remains poor. Therefore, it is necessary to develop novel therapeutic strategies for RCC.
Due to their relatively low toxicity, natural compounds of plant origin are receiving increasing attention as promising antitumor agents. 4 Polydatin (PD) is a stilbenoid compound that is isolated from the root of Polygonum cuspidatum, a traditional Chinese herb that has a long history of use as a medication. 5 Previous studies indicated that PD possesses a variety of biological activities such as protecting against congestive 
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Jin et al heart failure, ischemia/reperfusion injury, endometriosis and shock. [6] [7] [8] [9] Recently, PD has also been found to produce antitumor effects against various cancers. For instance, PD could induce apoptosis and cell cycle arrest in lung cancer cells. 10 Treatment with PD also resulted in apoptosis and inhibition of growth in acute monocytic leukemia cells. 11 Moreover, PD also induced apoptosis in human osteosarcoma cells by upregulating the ratio of Bax/Bcl-2 and inhibiting cell proliferation. 12 However, the role of PD in RCC has not been investigated.
In the present study, we examined the antitumor effects of PD in two RCC cell lines. Our results demonstrated that PD significantly inhibited proliferation, triggered apoptosis and repressed the migration and invasion of RCC cells. Furthermore, mechanistic investigations revealed that PD induced apoptosis in a caspase-dependent manner. Treatment with PD led to downregulation of Bcl-2 and Mcl-1 and activation of Bax. Ectopic expression of Bcl-2 or Mcl-1 decreased the apoptosis that was induced by PD. In addition, silencing of Bax also repressed PD-induced apoptosis. Furthermore, treatment with PD leads to inhibition of the PI3K/Akt signaling pathway. Taken together, our data demonstrated the potential for the use of PD against RCC.
Materials and methods cell culture and reagents
The RCC cell lines, ACHN, Caki-1 and 786-O, were purchased from the Shanghai Cell Bank (Shanghai, China). Human embryonic kidney cells 293T, which were approved by the ethics committee of Wenzhou Medical University, were a generous gift from Dr Chao Pan, Wenzhou Medical University. Cells were cultured in RPMI 1640 medium (No. 11875093; Gibco, NY, USA) supplemented with 10% FBS (No. 26400044), 100 U of penicillin and 100 µg of streptomycin (No. SV30010; Gibco). Cells were maintained in a humidified incubator with 5% CO 2 at 37°C. PD (No. 15721) was purchased from Sigma-Aldrich Co., St Louis, MO, USA. PD was prepared as a 100 mM stock solution in DMSO (No. D2650; Sigma-Aldrich Co.). The stock solution was stored at -20°C. All other routine chemicals were purchased from Sigma-Aldrich Co. unless indicated otherwise.
cell viability assays
Cell viability was evaluated by an MTT assay kit (No. 11465007001; Sigma-Aldrich Co.) according to the manufacturer's instructions. Briefly, cells (2×10 3 /well) were seeded into 96-well plates and cultured for 24 hours and then treated with various doses of PD for different times. The culture medium was removed and MTT (20 µL, 5 mg/mL) was added to each well and incubated for another 4 hours at 37°C. The medium was then discarded, and 200 µL of DMSO (0.01%) was added to each well and incubated for 20 minutes. The absorbance was measured at 490 nm by a microplate reader (BioTek, Winooski, VT, USA).
apoptosis nucleosome elisa assay
As described previously, the apoptosis rates were determined using a nucleosome ELISA assay (No. 11544675001; Hoffman-La Roche Ltd., Basel, Switzerland). Briefly, after treatment for 24 hours, the induction of apoptosis was assessed by measuring the enrichment of nucleosome in the cytoplasm according to the manufacturer's instructions.
caspase activity assay
The activities of caspase-3 and caspase-9 were determined by caspase-3 and caspase-9 assay kits, respectively (No. ab219915; Abcam, Cambridge, MA, USA) according to the manufacturer's instructions. After the treatments, 100 µL of caspase-3 or caspase-9 reagent were added to each well and incubated for 1 hour at room temperature. Luminescence was measured using a BioTek 312e microplate reader (BioTek Instruments, Winooski, VT, USA). Caspase-3/9 activities were recorded as a percentage of the untreated control.
Transfection
The pcDNA3.1-Mcl-1, pcDNA3.1-Bcl-2 and control pcDNA 3.1 vectors were purchased from PharmaGene (Hangzhou, China). The myr-Akt1 plasmid was purchased from Addgene. The siRNA against Bax (5′-GGUGCCGGA ACUGAUCAGA-3′) and the negative control siRNA (5′-UUC UCCGAACGUGUCACGU-3′) were purchased from Invitrogen (Shanghai, China). The transfection was performed using Lipofectamine 2000 (No. 11668027; Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions.
Transwell invasion assay
A transwell assay (Costar, Washington, DC, USA) was used to determine invasion capacities. 786-O or Caki-1 cells (2×10 4 ) were seeded into the upper chamber, which was coated with Matrigel (No. 354230; BD Biosciences, San Jose, CA, USA), and 600 µL of medium containing 10% FBS was added to the lower chamber. Different doses of PD were added to both chambers. After treatment for 24 hours, cells that did not migrate through the pore of the filter were removed. Then, the migrated cells were fixed with 95% ethanol and stained with 0.5% crystal violet (Sigma-Aldrich Co.) and counted using an inverted microscope (Olympus Corporation, Tokyo, Japan).
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anti tumor effects of polydation cell wounding assay Cells were seeded in 6-well plates at 70% confluence. When the cells reached ~90% confluence, the monolayer cells were scratched with pipette tips (200 µL) and treated with different doses of PD. After 24 hours, the wound healing status was recorded with an inverted microscope. The average gap widths were measured from at least ten low-power field images for each assay condition using cellSens Digital Imaging software (Olympus).
Western blot analysis
After treatment, the cells were collected and lysed in RIPA buffer. The protein concentrations were measured by a Bradford protein assay kit (Sigma-Aldrich). Equal amounts of protein were subjected to SDS-PAGE and then transferred to PVDF membranes (Millipore, Boston, MA, USA). After blocking with 5% skimmed milk for 1 hour at room temperature, the PVDF membranes were incubated with primary antibodies overnight at 4°C. The following antibodies were used 
statistical analyses
Statistical analyses were performed using SPSS 14.0 software (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± SD. Differences among groups were determined by a one-way ANOVA followed by a Tukey's HSD (Honestly Significant Difference) test. A P,0.05 was considered significantly different.
Results
PD inhibited the viabilities of rcc cells but not normal human embryonic kidney cells
First, we investigated the effects of PD on the viability of RCC cells. We found that PD decreased the viabilities of ACHN, Caki-1 and 786-O cells in a time-and dose-dependent manner ( Figure 1A-C ). Then, we tested the effects of PD on 293 T cells, which are normal human embryonic kidney cells. Interestingly, PD had little effect on the viability of 293 T cells ( Figure 1D ). Taken together, these findings suggest that PD selectively inhibited the viability of RCC cells but not normal cells.
PD inhibited the migration, invasion and epithelial-mesenchymal transition (eMT) of rcc cells
We next investigated whether PD has any effects on cell migration and invasion of RCC cells. As indicated in Figure 2A , treatment with PD significantly inhibited cell migration of both 786-O and Caki-1 cells in a dose-dependent manner. Similarly, exposure to PD also dramatically repressed the invasive ability of 786-O and Caki-1 cells ( Figure 2B ). Furthermore, the protein levels of MMP-7 and MMP-9, both of which play essential roles in tumor metastasis, were inhibited by PD in a dose-dependent manner ( Figure 2C ). We also examined the effects of PD on the EMT process. As shown in Figure 2C , treatment with PD significantly decreased the protein levels of N-cadherin, which is a marker of mesenchymal cells. In contrast, the protein levels of E-cadherin, which is a typical epithelial cell protein, were upregulated by PD in a dose-dependent manner ( Figure 2C ). Taken together, these data suggest that PD represses migration, invasion and the EMT process of RCC cells.
PD-induced caspase-dependent apoptosis in rcc cells
We next investigated whether apoptosis was responsible for the PD-induced cytotoxicity in RCC cells. An apoptosis nucleosome ELISA was performed as previously described. 14 After treatment with various doses of PD for 24 hours, it was shown that PD induced apoptosis in 786-O and Caki-1 cells in a dose-dependent manner ( Figure 3A) . To elucidate the molecular mechanisms underlying the apoptosis induced by PD, a Western blot analysis was performed. As indicated in Figure 3B and C, PD treatment leads to the upregulation of cleaved caspase-3/9. Furthermore, caspase-3/9 activity assays also revealed that treatment with PD increased the activation of caspase-3/9 in a dose-dependent manner ( Figure 3D and E). To determine whether the activation of caspases is critical for apoptosis that is induced by PD, zVAD.fmk, a pan-caspase-inhibitor, was used. As shown in Figure 3F , zVAD.fmk fully inhibited the apoptosis that was induced by PD. Taken together, these findings suggest that apoptosis that was induced by PD relies on the activation of caspases.
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Jin et al It is well documented that the process of apoptosis is subjected to regulation by various proteins. Therefore, we analyzed the protein levels of Bcl-2 and IAP members after PD treatment by Western blotting. We found that the protein levels of Bcl-2 and Mcl-1 were repressed by PD in a dose-dependent manner ( Figure 4A ). In addition, the expression of Bcl-xl, XIAP, IAP-1 and IAP-2 was not affected by PD in RCC cells ( Figure 4A ). The release of cytochrome c and Smac/ DIABLO from mitochondria into the cytosol is an essential step during the process of apoptosis. 15 Therefore, we measured the release of cytochrome c and Smac/DIABLO into the cytosol after treatment with PD. As shown in Figure 4B , the release of cytochrome c and Smac/DIABLO into the cytosol was increased in a dose-dependent manner after treatment with PD. The release of mitochondrial proteins into the cytosol relies partly on the activation of Bax. 15 Therefore, we examined whether exposure to PD results in the activation of Bax. To address this question, we immunoprecipitated Bax using a conformation-specific antibody that specifically detects the active form. We found that PD treatment leads to the activation of Bax in a dose-dependent manner in RCC cells ( Figure 4C ). Figure 5A ). We observed that ectopic expression of Bcl-2 or Mcl-1 significantly repressed the apoptosis induced by PD in RCC cells ( Figure 5B ). Then, we used two siRNAs to knockdown Bax, as confirmed by Western blot analysis ( Figure 5C ). Interestingly, silencing of Bax markedly impaired the apoptosis induced by PD ( Figure 5D ).
PD treatment leads to inhibition of the Pi3K/akt signaling pathway Next, we examined whether PD had any effects on the PI3K/ Akt/mTOR signaling pathway, which is involved in the 
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Jin et al progression of various cancers, including RCC. 16 As shown in Figure 6A , PD treatment led to the downregulation of phosphorylated PI3K, Akt and mTOR, while it had little effect on total PI3K, Akt and mTOR. To further elucidate the role of PI3K/Akt/mTOR in PD-induced apoptosis, we transfected 786-O and Caki-1 cells with a plasmid encoding constitutively active Akt (Myr-Akt) ( Figure 6B ). Twentyfour hours after the transfection, the cells were treated with PD for another 24 hours, and apoptosis was determined. We found that apoptosis induced by PD was significantly inhibited by myr-Akt ( Figure 6C) ; furthermore, cleavage of caspase-3 was inhibited by myr-AKt as well ( Figure 6B ). Taken together, these data suggest that PD treatment led to the inhibition of PI3K/Akt/mTOR, which is involved in apoptosis that is induced by PD.
Discussion
RCC, an aggressive solid tumor with an increasing incidence, has imposed huge economic and social pressures worldwide. Treatment of RCC remains a therapeutic challenge due to its resistance to conventional chemotherapy. Despite great progress in the diagnosis and treatment of RCC, the overall survival remains poor, and no effective systemic chemotherapy exists for patients with advanced RCC. Therefore, an urgent need exists for the development of novel therapeutic strategies for RCC.
In recent years, natural products have received great attention as antitumor agents due to their high efficiency and relatively low toxicity. Mounting evidence has demonstrated that PD is cytotoxic against various types of cancers. For instance, PD could inhibit proliferation and induce apoptosis of breast cancer cells. 17 PD also induced cell cycle arrest and apoptosis in leukemia, lung cancer and colorectal cancer cells. 10, 18, 19 However, little is known about the effects of PD on RCC cells.
In the present study, we evaluated the antitumor effects of PD in two human renal cancer cell lines. MTT assays were performed to examine the antiproliferation efficacy of PD in vitro. The results of MTT assays indicated that PD exerted cytotoxic effects on renal cancer cells. In addition to the antiproliferation effect of PD, we also measured the effects of PD on cancer cell invasion and migration, which are believed to account largely for cancer metastasis. Our results showed that PD also inhibited cell invasion and migration of RCC cells. Our findings are in agreement with a very recent study in which PD inhibited the invasion and migration of human liver cancer cells. 20 The degradation of basement membranes and stromal extracellular matrix is an 
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essential step that leads to invasion and metastasis. MMPs are a family of human zinc-dependent endopeptidases that are responsible for degradation of the extracellular matrix. 21 We also observed downregulation of MMP-7/9, which may account for the inhibition of migration and invasion of RCC cells after PD treatment. EMT is a process that contributes to cancer progression, particularly as it relates to invasion and metastasis. 22 During the EMT process, cancer cells lose epithelial markers such as E-cadherin and acquire mesenchymal markers such as N-cadherin. 23 In our study, we found that treatment with PD inhibited the EMT transition of RCC cells. This finding is in agreement with a previous study that found that PD could inhibit EMT in lung tissues. 24 Considering that EMT may contribute to chemoresistance, it would be interesting to test whether PD could overcome chemoresistance in cancer cells.
Apoptosis, also known as programmed cell death, plays an essential role in the initiation and progression of cancer. Induction of apoptosis is still considered to be the first choice for antitumor treatment. An early event in apoptosis is DNA fragmentation followed by the release of nucleosomes into the cytoplasm. 25 In our study, we detected an enrichment of nucleosomes after exposure to PD in RCC cells. Mechanistic investigations revealed that PD treatment triggers caspasedependent cell death in RCC cells. This conclusion is supported by the finding that the pan-caspase inhibitor zVAD. fmk rescued cell death from PD. There are two pathways leading to apoptosis, namely, the extrinsic pathway and the intrinsic/mitochondrial pathway. 26 The latter pathway is subjected to regulation by Bcl-2 proteins and is characterized by the activation of Bax and the release of mitochondrial proteins into the cytosol. 27 In this study, we observed the downregulation of Bcl-2 and Mcl-1, the activation of Bax and the release of mitochondrial proteins. These data suggest that the activation of the intrinsic/mitochondrial pathway is required for PD-mediated apoptosis, as overexpression of Bcl-2 and Mcl-1 or silencing of Bax markedly protects cells from cell death.
The constitutive activation of PI3K/Akt/mTOR is frequently detected in human malignancies and is often associated with chemoresistance in tumors, including RCC. 16 , 28 The results demonstrate that treatment with PD significantly reduced the levels of phosphorylated PI3K, Akt and mTOR in RCC cells. We hypothesized that PD induced cell death at least partially via the inhibition of PI3k/Akt/mTOR. To address this, we transfected cells with the myr-Akt vector, which can mimic the constitutive activation of Akt. We found that overexpression of myrAkt could reduce the apoptosis induced by PD. Thus, we concluded that the inhibition of PI3K/Akt/mTOR was part of the mechanism underlying the antitumor effects of PD. Similar to our findings, it has been reported that PD inhibited PI3K/Akt in leukemia cells. 29 Interestingly, another study reported that treatment with PD leads to the activation of PI3K/Akt in renal ischemia/reperfusion injured mice. This discrepancy indicates that the effects of PD on PI3K/Akt may be tissue specific, and further investigation is required to resolve this issue.
To our knowledge, PD has potential value that may facilitate its application in the future. Clinical usage indicates that PD is relatively safe and has low toxicity in human. 30 Moreover, PD can also alleviate inflammation. 31 It would be intriguing to test PD in combination with other antitumor reagents, and further investigation is required to determine the full value of PD in the treatment of various cancers.
Conclusion
We evaluated the antitumor effects of PD in human RCC cells. Mechanistic investigations revealed that PD induced apoptosis in a caspase-dependent manner via the intrinsic apoptotic pathway and by inhibition of the PI3K/Akt pathway. Furthermore, our data demonstrated that PD significantly suppressed the migration and invasion of RCC cells. In addition, PD inhibited the PI3K/Akt/mTOR signaling pathway. The mechanisms were indicated in Figure 7 . Collectively, our results provide evidence that PD may be a potential anticancer agent for RCC therapy. 
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